rule (Atkinson, 1994 ) (see Section 4 for detailed explanations of these hypotheses).
Fiddler crabs are excellent animals for examining Bergmann's rule. The distribution of each species can span several degrees of latitude, and their morphology varies greatly within that span (Crane, 1975; Darnell & Darnell, 2018) . The fiddler crab, Minuca(=Uca) pugnax (Smith, 1870) , lives in salt marshes, which are intertidal grasslands, throughout the east coast of the United States. Historically, M. pugnax were distributed from northern Florida to Cape Cod, Massachusetts (Williams, 1984) , but, like other species, have now expanded their range northward due to ocean warming (Johnson, 2014; Johnson, 2015) . Thus, it is a climate migrant.
We had two goals for this study. First, we examined whether M. pugnax follows Bergmann's rule. Finding that M. pugnax did follow Bergmann's rule, our second goal was to explore the role of temperature in driving the body size patterns for M. pugnax. We focused on two temperature-related hypotheses because temperature is the primary factor driving body size of invertebrates (Atkinson, 1994) . The first hypothesis we tested is the temperature-size rule, which states that there is an inverse relationship between temperature and body size (i.e., individuals are bigger at lower temperatures) (Atkinson, 1994) . For invertebrates that follow the temperature-size rule, the response is typically phenotypic, not genetic (Ghosh, Testa, & Shingleton, 2013; Kelly, Rivera, Grosholz, & Ruiz, 2015; Stelzer, 2002) . Several mechanisms have been proposed to explain the temperature-size rule, including variation in maternal investment, growth rates, and critical size with temperature (Atkinson, 1994; Ghosh et al., 2013; Stelzer, 2002) . We do not explore those mechanisms here. Second, we tested the seasonality hypothesis which predicts that the body size of an animal is determined by the amount of overlap between peak resource production and animal growth (Geist, 1987; Huston & Wolverton, 2011) . Thus, individuals are largest where seasonality is greatest because the peak pulse of resources (e.g., primary production) overlaps with the timing of animal growth and reproduction.
| ME THODS
We sampled 13 marshes that spanned over 12 degrees of latitude, from northeast Florida to northeast Massachusetts, United States ( Figure 1 , Table 1 ). Many of these marshes were a part of longterm monitoring programs such as National Estuarine Research Reserve (NERR) and Long-Term Ecological Research (LTER) sites (Table 1) , which provided temperature data for our analyses (see Appendix 1).
| Bergmann's rule
To test the hypothesis that M. pugnax follows Bergmann's rule, we collected 25-37 adult male crabs from each marsh from 23 July to 19 August 2016. Crabs were haphazardly collected at low tide in the vegetation of the low marsh, which was dominated by the cordgrass, Spartina alterniflora, usually within 5 m of the marsh edge. Crabs were collected by hand from the surface or by coaxing them to the surface by placing a trowel or finger beside their burrows. Crabs were measured for carapace width with digital calipers. Collectors were not aware that crabs would be measured for body size. We recognize that this collection method may still bias our collection toward larger crabs. If this bias exists, we assume that it occurred at all sites. Thus, if mean body size is not accurate for the entire population within a marsh, it is still valid for intermarsh comparisons. Further, in addition to mean body size, we examined the upper decile and maximum body size (see below).
| Temperature as a driver of body size
We used mean annual temperature data collected at or near each site to determine its effect on body size. To test the temperaturesize rule, we obtained air and water temperature data from monitoring programs (i.e., LTER, NERR sites), nearby weather stations, and ocean buoys for 2016 (see Appendix 1 for sources). Similarly, to test the seasonality hypothesis we used the standard deviation of air and water temperatures as a proxy for seasonality. We tested both air and water temperatures because fiddler crabs are intertidal.
Because our sampling may bias toward collection of larger individuals, we used the following values of carapace width for analysis: mean, mean maximum, and maximum size. Mean maximum was the average carapace width of the largest 10% (i.e., the upper decile) of crabs in each site. Mean maximum is a standard fisheries value used to estimate the upper mean size of a given population (Macpherson & Duarte, 1994; Shin, Rochet, Jennings, Field, & Gislason, 2005) .
The maximum size is a useful index for estimating the relationship between body size and latitude in case of sampling bias because it looks at the largest individuals within each population (Grosholz & Ruiz, 2003; Kelly et al., 2015) .
| Statistics
To test the hypothesis that M. pugnax follows Bergmann's rule, we conducted simple linear regressions of crab carapace width and latitude for mean, mean maximum, and maximum size separately. All three values were normally distributed based on Shapiro-Wilk's test (p > .05), and thus, the data were not transformed prior to analysis.
To examine hypotheses related to temperature variables, we conducted multiple linear regressions to test the effect of the following predictors on mean, mean maximum, and maximum M. pugnax carapace width: mean annual air temperature, mean annual water temperature, standard deviation of air temperature, and standard deviation of water temperature. Collinear variables, such as water and air temperature, can inflate standard errors (i.e., variance inflation factor, VIF) and increase type II errors. To minimize collinearity, we followed the approach of Zuur, Ieno, and Elphick (2010) . We started with the full model (i.e., all variables), calculated the VIFs for each covariate, removed the covariate with highest VIF, and repeated this sequence until all covariates had a VIF ≤ 3. All statistical analyses were conducted in R (version 3.0.3, R Core Team, 2014).
| RE SULTS

| Bergmann's rule
All three measures of M. pugnax body size was positively correlated with latitude (linear regression, p < .01, Table 2, Figure 2 ). On average, carapace width increased 0.5 mm for every degree of latitude, suggesting that M. pugnax follows Bergmann's rule. On average, the largest crabs were found in the expanded range (northeast Massachusetts, 18.5 mm mean carapace width) and the smallest in the historical range (Georgia, 9.9 mm mean carapace width) ( 
| Temperature as a driver of body size
After sequentially eliminating covariates with VIFs > 3 from the full multiple linear regression models, mean water temperature and the standard deviation of water temperature remained in the reduced model for mean, mean maximum, and maximum body size. These models were significant for all body size variables (p ≤ .03, Table 3 ).
Mean water temperature was the only significant predictor of mean M. pugnax body size, which was inversely related to body size (p < .01, Table 3 ).
| D ISCUSS I ON
We found that the fiddler crab, Minuca pugnax, like many other marine invertebrates, follows Bergmann's rule (Darnell & Darnell, 2018; Ho et al., 2010; Manyak-Davis et al., 2013) . This was true for its mean, mean maximum, and maximum body size. On average, F I G U R E 1 Location of marshes sampled. Figure created in ArcMap (10.5.1) carapace width increased by 0.5 mm for every degree of latitude increase. Mean water temperature was the strongest predictor of M. pugnax body size and was inversely related. Thus, M. pugnax, like other ecotherms, also follows the temperature-size rule (Atkinson, 1994) . Similarly, Jaramillo et al. (2017) found that the body size of intertidal amphipods, isopods, and crabs was inversely related to sea-surface temperature (air temperature was not examined).
How do cooler temperatures lead to larger M. pugnax? The answer may lie in the time it takes for crustaceans to reach maturity, which relies on molt frequency. The molt frequency of crustaceans declines in colder water, which results in a longer intermolt period, a time of energy acquisition, and, in turn, leads to greater somatic growth at each molt increment compared with individuals in warmer waters (Cunningham & Darnell, 2015; Groner, Shields, Landers, Swenarton, & Hoenig, 2018; Kuhn & Darnell, 2019; Poleck & Denys, 1982) . Thus, a cold-water crustacean will reach maturity at a larger size than their warm-water conspecifics. Once crustaceans reach maturity, energy is diverted away from growth and put into reproduction (Groner et al., 2018; Landers, Keser, & Saila, 2001; Waddy & Aiken, 1990) , thus limiting growth rates and maintaining the size differences for crustacean species in warmer versus colder waters. For instance, American lobsters, Homarus americanus, mature at a smaller size in the southern part of their range due to warmer temperatures.
When mature, they have slower growth rates because more energy is invested in reproductive rather than somatic growth (Landers et al., 2001; Waddy & Aiken, 1990 ). An alternative hypothesis is that metabolic constraints underpin the temperaturesize rule. Lonsdale and Levinton (1985) suggest that body size is TA B L E 1 Location of marshes sampled on the Atlantic coast of the United States with mean (±1-standard error of the mean) carapace width of male fiddler crabs, Uca pugnax Diatoms shrink or do not respond to higher temperatures (Adams et al., 2013; O'Gorman et al., 2017 the authors found that predation pressure was likely a primary factor influencing isopod body size. Johnson et al. (in revision) found that parasite diversity and intensity in M. pugnax hosts decreases with latitude, which may also influence host body size.
The nutritional quality of prey/plants can influence consumer body size (i.e., the diet-quality hypothesis; Ho et al., 2010) . Minuca pugnax eats plant detritus, algae (e.g., diatoms), and fungus (Grimes, Huish, Kerby, & Moran, 1989) . Within the range of M. pugnax, plant nutritional quality increases with latitude in saltmarsh plants such as S. alterniflora (Pennings & Silliman, 2005; Pennings et al., 2007) ; thus, crabs at higher latitudes may benefit from higher quality detritus. However, algae such as benthic diatoms dominate the diet of M. pugnax (Grimes et al., 1989) and there is no evidence of a latitudinal trend in the quality of benthic algae in salt marshes found on the United States east coast.
Finally, overwintering starvation may kill off smaller individuals, which have fewer energy reserves to resist starvation (the starvation-resistance hypothesis; Arnett & Gotelli, 2003; Kaspari & Vargo, 1995) . Brodie et al. (2017) , however, found no trend in fat storage in M. pugnax from Georgia to Massachusetts based on the hepatopancreas somatic index, a measure of stored energy, and thus, there is no support for this hypothesis for this species.
| Consequences of body size
Because the impact an organism has on an ecosystem correlates with its body size (Hall, Koch, Marshall, Taylor, & Tronstad, 2007; Woodward et al., 2005) , the latitudinal difference in the body size of M. pugnax has consequences for its impact on saltmarsh functioning and species interactions. Minuca pugnax consumes benthic algae, fungus, and plant detritus (Crane, 1975; Grimes et al., 1989) . Larger crabs in the north may have greater grazing rates on benthic algae, fungus, and detritus than those in the south due to size-driven metabolic demands. Minuca pugnax are ecosystem engineers (sensu Jones, Lawton, & Shachak, 1994 ) that modify marsh habitats through their burrowing activity and can indirectly influence a suite of saltmarsh functions. Minuca pugnax can stimulate aboveground plant biomass (Bertness, 1985) , reduce belowground plant biomass (Gittman & Keller, 2013) , enhance nutrient cycling and decomposition (Holdredge, Bertness, Herrmann, & Gedan, 2010; Thomas & Blum, 2010) , change infaunal densities (DePatra & Levin, 1989) , and affect sediment erosion or accumulation (Katz, 1980; Smith & Green, 2015 (Culbertson et al., 2007; Luk & Zajac, 2013) .
| CON CLUS IONS
In summary, we found that M. pugnax follows Bergmann's rule and water temperature is the strongest driver of this body size pattern. These results have important implications for its biogeography and ecology. First, because our oceans and the atmosphere are warming and the body size of M. pugnax is inversely related to temperature, we predict that M. pugnax body size at a specific latitude will shrink as the climate continues to warm (Salewski, Hochachka, & Fiedler, 2010) . Second, as M. pugnax expands its range north due to ocean warming in the Gulf of Maine (Pershing et al., 2015) , crabs at the highest latitudes will continue to be the largest. Finally, because M. pugnax is an ecosystem engineer that influences many saltmarsh functions such as primary production and soil strength (Bertness, 1985; Katz, 1980; Smith & Green, 2015) , the body size gradient seen here may influence M. pugnax's relative impact on salt marshes throughout its range (Woodward et al., 2005) .
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